Exposure to chemical agents is an inevitable consequence of modern society; some of these agents are hazardous to human health. The effects of chemical carcinogens are of great concern in many countries, and international organizations, such as the World Health Organization, have established guidelines for the regulation of these chemicals. Carcinogens are currently categorized into two classes, genotoxic and non-genotoxic carcinogens, which are subject to different regulatory policies. Genotoxic carcinogens are chemicals that exert carcinogenicity via the induction of mutations. Owing to their DNA interaction properties, there is thought to be no safe exposure threshold or dose. Genotoxic carcinogens are regulated under the assumption that they pose a cancer risk for humans, even at very low doses. In contrast, non-genotoxic carcinogens, which induce cancer through mechanisms other than mutations, such as hormonal effects, cytotoxicity, cell proliferation, or epigenetic changes, are thought to have a safe exposure threshold or dose; thus, their use in society is permitted unless the exposure or intake level would exceed the threshold. Genotoxicity assays are an important method to distinguish the two classes of carcinogens. However, some carcinogens have negative results in in vitro bacterial mutation assays, but yield positive results in the in vivo transgenic rodent gene mutation assay. Non-DNA damage, such as spindle poison or topoisomerase inhibition, often leads to positive results in cytogenetic genotoxicity assays such as the chromosome aberration assay or the micronucleus assay. Therefore, mechanistic considerations of tumor induction, based on the results of the genotoxicity assays, are necessary to distinguish genotoxic and non-genotoxic carcinogens. In this review, the concept of threshold of toxicological concern is introduced and the potential risk from multiple exposures to low doses of genotoxic carcinogens is also discussed.
INTRODUCTION
"The dose makes the poison" is a basic principle of toxicology. Coined by Paracelsus, who was a 15th century Swiss scientist, physician, alchemist, and mysterious thinker (https://en.wikipedia.org/wiki/The_dose_makes_the_poison), he is known as "the father of toxicology" because of this famous phrase. The adage means that any chemical can be poison if the dose is beyond a certain threshold and also that any poison can be non-toxic if the dose is below a certain threshold. Indeed, the aim of toxicology is to find the appropriate threshold or safe level of a chemical below which no hazardous effects to humans are thought to result (Fig. 1 ). For example, chemicals developed for food additives, pesticides, or veterinary drugs are all subject to toxicology assays before marketing; from these assays, the threshold level, that is, the acceptable daily intake (ADI), is determined by the authorities based on the no observed adverse effect level (NOAEL) and the safety factor, which is usually 100 (= 10 × 10), reflecting species difference between rodents and humans (10-fold) and individual variations in humans (10-fold) (1) . The ADI is the daily intake level below which no adverse effects are estimated to occur, even if a person were to take the chemical for their entire life. The NOAEL is the highest dose in toxicological assays at which no significant adverse effects can be observed. The use of chemicals in society is permitted if the intake level is below the ADI. The concept underlying this risk management approach is exactly the principle established by Paracelsus: any poison can be non-toxic if the dose is below the appropriate threshold.
The principle of Paracelsus cannot be applied to the regulation of genotoxic chemicals. Genotoxic chemicals are substances that interact with DNA and may subsequently induce mutations. Owing to their DNA interaction properties, genotoxic chemicals are not considered to have a safe threshold or dose (2) (3) (4) . Therefore, they are expected to impose genotoxic and carcinogenic risks on humans, even at very low concentrations. This assumption is similar to the regulatory policy for radiation, which generally employs a linear non-threshold model (5) . Genotoxic chemicals, like radiation, induce DNA damage and mutations that may lead to cancer; indeed, genotoxic chemicals used to be called "radiomimetic substances" owing to their DNA interaction properties (6) and it is therefore unsurprising that the regulatory policies are similar. Strict regulatory policies for genotoxic chemicals are globally accepted. The Environmental Health Criteria set by the World Health Organization (WHO) state that "substances that are both genotoxic and carcinogenic would generally not be considered acceptable for use as food additives, pesticides or veterinary drugs. For those substances that are genotoxic and carcinogenic, the traditional assumption is that there may not be a threshold dose and that some degree of risk may exist at any level of exposure" (7) . Therefore, once a chemical is judged as genotoxic and carcinogenic, it will be banned for use as a food additive, pesticide, or veterinary drug. This is contrast to the policy for non-genotoxic carcinogens, which may be used in the market if the intake level is below the ADI (8) . Thus, the ability to distinguish genotoxic and non-genotoxic is of critical importance in the regulation of chemicals.
WHAT ARE GENOTOXIC AND NON-GENOTOXIC CARCINOGENS?
The term "genotoxic carcinogens" was coined in the late 1980s based on the results of the United States National Toxicology Program (NTP) (9) . In the program, chemicals were evaluated for their DNA reactivity, mutagenicity in Salmonella (Ames test), and carcinogenicity in rodents. Of the 222 chemicals tested, 115 were carcinogens; 71 of these 115 (62%) were DNA reactive (structure alert) positive and Salmonella (Ames test) positive. The remaining 44 (38%) were carcinogens, but were structure alert negative and Salmonella (Ames test) negative. The former group carcinogens was carcinogenic in rats and mice (trans-species carcinogens) and induced tumors in multiple organs in rodents. In contrast, the latter group of carcinogens was carcinogenic in either rats or mice (single-species carcinogens) and induced tumors in single organs, in particular in the liver of mice. The report clearly indicated that rodent carcinogens are not all equal and can be categorized into two classes: the former, genotoxic carcinogens, and the latter, 
GENE MUTATION ASSAYS ARE CRITICAL TO DISTINGUISH GENOTOXIC AND NON-GENOTOXIC CARCINOGENS
The genotoxicity of chemicals is usually evaluated by multiple assays, including gene mutation assays and cytogenetic assays (Table 2 ). In vitro gene mutation assays include the bacterial reverse mutation assay (Ames test, the mammalian gene mutation assays, and the transgenic rodent gene mutation assay in vivo. These assays detect genotoxicity based on DNA damage. Positive chemicals in these assays can be considered as DNA-reactive genotoxic chemicals, which have no safe threshold. Conversely, cytogenetic assays, including the chromosome aberration assay in cultured mammalian cells or human lymphocytes in vitro and the micronucleus assay in vitro and in vivo, detect genotoxicity not only by DNA damage, but also by other mechanisms, such as topoisomerase inhibition, spindle poison, or excessive cytotoxicity (16, (20) (21) (22) . In general, Ames-positive and transgenic-positive chemicals can be regarded as DNA-reactive in vivo genotoxic chemicals. The importance of gene mutation assays in the assessment of carcinogenic risk at low doses is emphasized in the ICH M7 guideline (https://www.pmda.go.jp/files/ 000208234.pdf). The International Council for Harmonization (ICH) Technical Requirements for Pharmaceuticals for Human Use is an international organization for the establishment of guidelines for pharmaceuticals. M7 is the ICH guidelines for the assessment and control of DNA reactive (mutagenic) impurities in pharmaceuticals to limit potential carcinogenic risk. In Section 3 (general principles), it is stated that "the focus of this guideline is on DNA reactive substances that have a potential to directly cause DNA damage when present at low levels leading to mutations and therefore, potentially causing cancer. This type of mutagenic carcinogen is usually detected in a bacterial reverse mutation (mutagenicity) assay. Other types of genotoxicants that are non-mutagenic typically have threshold mechanisms and usually do not pose carcinogenic risk in humans at the level ordinarily present as impurities". In Section 6 (hazard assessment elements), it is stated that "a positive bacterial mutagenicity result would warrant further hazard assessment and/or control measures. For instance, when levels of the impurity cannot be controlled at an appropriate acceptable limit, it is recommended that the impurity be tested in an in vivo gene mutation assay in order to understand the relevance of the bacterial mutagenicity assay result under in vivo conditions". Thus, in vitro and in vivo gene mutation assays are of critical importance for the risk assessment of low doses of genotoxic chemicals, because chemicals with positive results in these assays should be considered to have no safe threshold.
IN VITRO GENE MUTATION ASSAY: BACTERIAL REVERSE MUTATION ASSAY
The bacterial reverse mutation assay is a representative in vitro gene mutation assays (https://www.oecd-ilibrary. org/docserver/9789264071247-en.pdf?expires=1529937092 &id=id&accname=guest&checksum=7B88AFDD99C1C 8A18CF725E5539CF272). In general, the assay uses four Although it is neither gene mutation assay nor cytogenetic assay, OECD test guideline (TG489) has been established for in vivo comet assay, which detects DNA strand breaks.
Salmonella typhimurium strains and one Escherichia coli strain to detect a variety of point mutations. This assay is called Ames test, because Dr. Bruce N. Ames developed it using Salmonella strains (23) . It is a simple in vitro assay to determine to what extent histidine-dependent bacteria become independent by gene mutations induced by chemicals. In the case of E. coli, tryptophan-dependent bacteria become independent; because the phenotype reverts from histidine-or tryptophan-dependent to independent, this is called a reverse mutation assay. In practice, the bacterial culture is mixed with a test chemical and the mixture is incubated for two days on agar plates. If metabolic activation is needed, the 9,000 × g supernatant of liver homogenates of rats pretreated with inducers of drug metabolizing enzymes plus an NADPH-generating system (S9 mix) is added to the reaction mixture. After incubation, the number of revertant colonies is counted and the dose-response curves are produced. In the assay, different types of point mutations, such as base substitutions and frameshifts, are detected by using distinct bacterial tester strains. This assay detects only DNA reactive genotoxic chemicals; chemicals with a positive result in this assay usually have structural alert for reaction with DNA (24).
IN VIVO GENE MUTATION ASSAY: GPT DELTA TRANSGENIC MOUSE/RAT GENE MUTATION ASSAY
This assay can detect point mutations and deletions in various organs of rodents (https://www.oecd-ilibrary.org/ docserver/9789264203907-en.pdf?expires=1529937241&id= id&accname=guest&checksum=3243A61DDEF495D57925 DB655E2F379F). The transgenic rodents have been established in C57BL/6 mice and Fisher 344, Sprague-Dawley, and Wistar Hannover rats (25) . These transgenic rodents have reporter genes for mutations in all cells in all organs (26) (27) (28) . After treatment of the rodents with test chemicals, the transgene, i.e., lambda EG10, is rescued as phage particles from various organs by in vitro packaging reactions and mutations are detected by infection of the rescued phages to E. coli strains. Point mutations and deletions can be detected by gpt and Spi − assay, respectively, with different bacterial strains. As this assay detects mutations in all organs of rodents, it is possible to examine the mutagenicity of the chemical carcinogens in the target organs for carcinogenesis. Approximately 20 chemicals, most of which are carcinogenic to rodents, have been examined by using gpt delta mice or rats to determine their food safety (29) . The results showed that estragole, madder color, and methyleugenol yielded positive results in the transgenic assays and were therefore judged to be genotoxic carcinogens (30) (31) (32) . In contrast, citrinin, flumequine, ginko biloba extract, and 3-monochloropropane-1,2-diol esters yielded negative results in the target organs for carcinogenicity and were therefore judged as non-genotoxic carcinogens (33) (34) (35) (36) . Therefore, gpt delta transgenic rodent gene mutation assays are able to effectively distinguish genotoxic and non-genotoxic carcinogens.
AMES-NEGATIVE, BUT TRANSGENIC ASSAY-POSITIVE CARCINOGENS: ARE THEY GENOTOXIC CARCINOGENS?
Although it appears simple to distinguish genotoxic and non-genotoxic carcinogens, the reality is more complex. Some rodent carcinogens yield negative results in the bacterial reverse mutation assay, but positive results in the gpt delta rodent gene mutation assay in the target organs for carcinogenesis. The following are examples for which the judgement of genotoxic or non-genotoxic carcinogens is difficult, even with in vitro and in vivo gene mutation assays ( Table 3) .
The first example is estragole, a fragrant herb, which induces liver tumors (hepatoma) in female mice (37) . This chemical yields a negative result in the bacterial reverse mutation assay (38, 39) . To examine the genotoxicity in mice, male and female gpt delta mice were fed estragole for 13 weeks by gavage and micronucleus in bone marrow, gpt gene mutation status, and DNA adducts in liver were examined (40) . Although the in vivo micronucleus assay was negative, gpt mutation frequency was clearly enhanced in liver in female mice. DNA adduct levels were also increased and higher in female than in male mice. Estragole is hydroxylated on its side chain and further activated by sulfotransferase (41) . The activity of this enzyme is known to be higher in female mice than in male mice (42) . The results indicate that estragole was a DNAreactive genotoxic carcinogen. The second example is leucomalachite green, a reductive metabolite of malachite green, which is an antifungal agent for fish (43) . Leucomalachite green induces liver tumors in female mice (44) . Malachite green and leucomalachite green yield negative results in the bacterial reverse mutation assay (45) . However, it was reported by the US FDA that leucomalachite green induced gene mutations in the liver of female mice when administered in the diet for 16 weeks in Big Blue mice, another transgenic rodent model used for mutation detection (46) . No mutagenicity was detected in liver of Big Blue rats (47) . DNA adducts were also detected in the liver of female mice. Although malachite green did not induce tumors and genotoxicity in rats and mice, it induced DNA adducts in the liver of male rats and female mice (48) . Therefore, the European Food Safety Authority (EFSA) concluded that malachite green and leucomalachite green should be regarded as genotoxic carcinogens (49); however, it remains to be clarified why leucomalachite green yields negative results in all in vitro genotoxicity assays, including the bacterial reverse mutation assay (45) .
The third example is dicyclanil, which is used to regulate the growth of insects. It induces adenoma and adenocarcinoma in the liver of female mice (50, 51) . This chemical yields negative results in various genotoxicity assays, including in vitro assays such as the bacterial reverse mutation assay and in vivo assays such as the micronucleus assay and comet assay. Therefore, it was regarded as a nongenotoxic carcinogen (52) . However, dicyclanil induces gpt gene mutations in the liver of female mice when administered in the diet for 13 weeks (51) . No mutations were detected in the liver of male mice. 8-Hydroxy-guanine, an index of oxidative DNA damage, was increased in the liver of both male and female mice, but cell proliferation was increased only in female mice. Therefore, the induction of oxidative DNA damage and enhanced cell proliferation may be the reason for female-specific mutations induced by dicyclanil. However, it is unclear why this chemical is negative in bacterial reverse mutation assay and whether carcinogens that induce oxidative DNA damage via the generation of reactive oxygen species should be regarded as DNA reactive genotoxic carcinogens.
The fourth example is ochratoxin A, which is a mycotoxin that induces adenoma and adenocarcinoma in the kidney of rodents (53) . It is regarded as a causative agent of Balkan epidemic disease in humans (54) . Thus, ochratoxin A is classified into group 2B (possible human carcinogen) by International Agency for Research on Cancer (IARC) (55) . Ochratoxin A yields a negative result in the bacterial reverse mutation assay, but a mixture of positive and negative results have been reported in chromosome aberration and micronucleus assays in vitro and in vivo (55). Hibi et al. reported that the frequency of mutation of Spi − mutant was significantly increased in the outer medulla of the kidney when gpt delta rats were fed ochratoxin A in their diet for 4 weeks (56). The outer medulla includes the target site for carcinogenesis, i.e., the S3 segment of proximal convoluted tubule. Interestingly, no increase in gpt mutant frequency was observed in the cortex or outer medulla. Because Spi − selection detects deletion mutations, increase in Spi − mutant frequency indicates that DNA strand breaks were induced in the target site for carcinogenesis (25, 57) . However, if DNA adducts were induced by ochratoxin A in the target site, gpt mutant frequency should have been increased in addition to Spi − mutant frequency. Therefore, ochratoxin A may inhibit functions of proteins involved in cell cycle or DNA repair and induce DNA strand breaks. Ochratoxin A may be a non-genotoxic carcinogen.
PRACTICAL THRESHOLDS OF GENOTOXIC CARCINOGENS
It was previously discussed the regulatory policy that states there are no safe exposure thresholds for genotoxic carcinogens. However, this policy was recently challenged by a number of experimental and theoretical approaches that claim that even DNA-reactive genotoxic carcinogens may have practical threshold for their action (58) (59) (60) (61) . Indeed, the consideration of the mechanisms through which a chemical induces mutation and cancer, there are several steps that may suppress the induction of mutation and can- Fig. 2 . Self-defense mechanisms against genotoxic chemicals. Genotoxic chemicals may be inactivated by metabolic inactivation. When DNA adducts are formed, the adducts may be removed by DNA repair mechanisms. If the adducts remain in DNA, error-free translesion DNA synthesis (TLS) will incorporate correct dNTPs against the lesions, thereby suppressing induction of mutations.
cer (62) . Genotoxic compounds are metabolically activated to reactive intermediates that induce DNA adducts and DNA lesions; subsequently, the DNA lesions become mutations after DNA replication. To counteract this adverse pathway, humans and other organisms have self-defense mechanisms such as antioxidants, metabolic inactivation mechanisms, DNA repair or error-free translesion DNA synthesis (TLS) (Fig. 2) . Detoxification mechanisms inactivate the genotoxic compounds, DNA repair removes the DNA adducts and error-free translesion synthesis incorporates the correct base opposite DNA lesion during DNA synthesis, thereby suppressing the induction of mutations. From mutations to cancer, there are other mechanisms, such as apoptosis, that suppress the induction of cancer. These self-defense mechanisms may constitute a practical threshold for genotoxic carcinogens. In an examination of this possibility, the DNA repair enzyme 8-hydroxyguanine DNA glycosylase encoded by the mutM gene in Salmonella typhimurium was disrupted (63) . This enzyme repairs 8-hydroxyguanine in DNA and reduces G:C to T:A mutation. In fact, the enzyme-deficient strains exhibited a much greater sensitivity to the mutagenicity of oxidative mutagens than the enzyme-proficient strains (Fig. 3 ) (63, 64) . In particular, potassium bromate tested virtually negative for mutagenicity in the enzyme-proficient strain, whereas it exhibited high mutagenicity in the deficient strain. Therefore, 8-hydroxyguanine DNA glycosylase appears to be a constituent of practical thresholds for oxidative mutagens.
THRESHOLD OF TOXICOLOGICAL CONCERN (TTC) OF GENOTOXIC CARCINOGENS
Another challenge to the regulatory policy is that DNAreactive genotoxic carcinogens have no threshold is the concept of "threshold of toxicological concern" (TTC) or "threshold of regulation" (TOR) (65) . Essentially, the underlying concept of TTC or TOR is that it is impossible to completely suppress the excess lifetime cancer risk associated with chemical exposure and that there is an increasing number of new chemicals for which there is insufficient toxicological information. Therefore, TTC or TOR are applied to prioritize the chemicals that need further toxicological evaluation. In 1995, US FDA adopted a TOR of 0.5 ppb for food contact materials (corresponding to 0.025 µg/kg body weight (bw)/day or 1.5 µg/person/day, based on 60 kg bw and combined food and drink daily consumption of 3 kg) if the chemical has no concern for DNAreactive genotoxicity (66) . In other words, the chemical can be used in the market without additional toxicity assays if the intake level is below 0.5 ppb or 1.5 µg/person/day and there is no concern that the chemical will have DNA-reactive genotoxicity. Later, ICH M7 guidance proposed a TTC for pharmaceutical impurities, in which an intake level below 1.5 µg/person/day does not increase excess lifetime cancer risk more than over 10
, even when there is a concern that the impurity may have DNA-reactive genotoxicity (https://www.pmda.go.jp/files/ 000208234.pdf); however, the guidance indicates that highly potent DNA-reactive carcinogens, such as aflatoxinlike, azoxy-or N-nitroso-carcinogens, are outside of the application of the TTC approach. These exceptional chemicals are sometimes called the "cohort of concern" (COC) (67) . Both the US FDA and ICH adopt the same value of 1.5 µg/person/day as the TOR and TTC; however, the former excludes DNA-reactive genotoxic chemicals while the latter includes them. The differences in the policy may depend on the usage of the chemicals. Food contact materials do not necessarily provide health benefits to consumers, and therefore the policy is more conservative or strict, whereas pharmaceuticals may be needed to maintain or improve health conditions of patients, even if the drugs contain some DNA-reactive impurities. In fact, EFSA/ WHO proposed a level 10 times lower, i.e., 0.15 µg/person/day or 0.0025 µg/kg bw/day, than that proposed by ICH as a sufficiently protective TTC for DNA-reactive genotoxic chemicals (67, 68) . The COC chemicals are also excluded from the TTC approach. Currently, the use of the TTC approach has been established to regulate chemicals in several areas, such as food contact materials, food flavoring agents, and pharmaceutical impurities (65) . A TTC approach for non-genotoxic carcinogens was also proposed (67, 69) . It should be noted, however, that the TTC approach is not an alternative to a chemical-specific risk assessment, but a screening tool to decide whether further toxicological evaluation is necessary for the chemical (68) .
FUTURE CHALLENGE: RISK ESTIMATION OF COMBINED EXPOSURE OF GENOTOXIC CARCINOGENS AT LOW DOSES
Following the emergence of the TTC approach in several areas of chemical regulation, questions have been raised as to whether public is adequately protected from multiple exposure or intake of DNA-reactive genotoxic carcinogens at low doses. The current regulatory policy for chemicals is the evaluation of the genotoxic and carcinogenic risk individually. Moreover, TTC is not an absolute threshold and thus some low level of cancer risk, e.g., 10
−5 or 10
, exists, even below TTC. This is in contrast to the indication of an absolute threshold below which there is no risk on human health (19) . Therefore, it is suspected that detectable carcinogenic risk may appear when people are exposed to multiple DNA-reactive genotoxic carcinogens, even below the TTC. It is reported that mutagenicity in Salmonella typhimurium strains was detectable when six DNA-reactive genotoxic carcinogens were combined at quite low doses (70) . Each single carcinogen did no exhibit any detectable mutagenicity owing to the low dose. Although this is a simple additive effect, synergistic effects may occur, depending on the combination of chemicals. Although chemicals are regulated by different authorities depending on their intended use, e.g., food-related chemicals, industrial chemicals, air pollutants, pharmaceuticals and the impurities, simultaneous exposure to these chemicals is unavoidable. Currently, there is no effective approach to evaluate genotoxic and carcinogenic risk from exposure to low doses of multiple DNA-reactive genotoxic carcinogens. One approach for the regulation of the total carcinogenic risk on humans would be to establish weighted allocations for each class of chemicals, such as food-related chemicals, 50% (0.5 × 10 ). Then, the total carcinogenic risk would be less than 1 × 10
, even when people are exposed to multiple genotoxic carcinogens. Risk assessment of multiple exposure to DNA-reactive genotoxic carcinogens below the TTC may be a challenge for regulatory genetic toxicology.
